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Introduction

Estrogens such as 17-f-estradiol and estrone are steroid compounds that are key
mediators of female reproductive functions. In addition, these compounds are essential
for health of numerous tissues such as maintenance of bone tissue and are implicated in
the cardiovascular system. It has been shown that exogenous chemicals with estrogenic
and/or anti-estrogenic activities may disrupt these regulatory pathways.(/) Environmental
or industrial compounds and phytoestrogens that interfere with the hormonal or endocrine
system have been defined as endocrine disrupting chemicals (EDCs). It is well
established that these substances cause adverse effects on human health including
reproductive cancers by dramatically altering the pattern of gene expression. (2)The
estrogen receptor is the primary target for these substances because this receptor is
promiscuous in its ability to interact with a variety of ligands.(3, 4) EDCs mimic estrogen
in their ability to induce or inhibit estrogenic responses after binding to the estrogen
receptor.

Predicting the estrogenicity of the thousands of compounds present in commerce
by structural analysis is difficult since a wide variety of potentially estrogenic substances
may bear no resemblance to that of the natural estrogens. Monitoring and detection
strategies cannot be grounded on simple analysis of complex environmental samples for
known or suspected structures. Many of these compounds or their metabolites may be
constituents of food, household or personal care products, or pharmaceuticals.

In this project, a structurally independent ligand-binding domain of the estrogen
receptor (HBD) will be produced using genetic engineering.(5) The goals of this project
are to attach a self assembled layer of this HBD on the surface of a piezoelectric quartz
microbalance to produce a biosensor capable of screening environmental samples for
small molecules that have estrogenic and antiestrogenic activity. The strategy presented
here was designed to allow a screening mechanism and capture system for substances
that bind to the estrogen receptor. The development of such a system would impact the
risk assessment of a number of compounds including phytoestrogens and other synthetic
chemicals, which may potentially modulate endocrine responses leading to greater
incidence rates of hormonally-related diseases such as breast cancer.

Body
Instrumentation used in this study

Biosensors are analytical devices that measure the presence of molecular species by
combining the intimate recognition properties of biological macromolecules with a signal
transduction mechanism. (6) An affinity sensor can be designed to detect substances that
bind to a particular protein and can be highly specific for that event. Since we are
interested in sensing compounds that bind to the estrogen receptor, our sensor
incorporates the hormone-binding domain of the estrogen receptor (HBD) as the
biomolecule on the surface of this sensor. A signal will be detected from the biosensor
when a molecule interacts with HBD. The sensitivity of the biosensor is due to the fact
that the HBD only binds certain substances. The HBD is known to be functionally
independent as a truncated receptor (amino acids 304-554). When a ligand binds, the
protein undergoes a conformational change, which in vivo allows interaction with a



variety of factors to propagate the gene action.(7) It has been confirmed by X-ray
analysis that the conformation of the receptor is solely dependent on the structure of the
ligand in the binding pocket.(8-717) In the estrogen-occupied receptor, the infamous
helix-12 caps the binding pocket and the protein forms a stable complex. Anti-estrogenic
substances such as tamoxifen result in a structure where helix-12 is misaligned with the
binding pocket.(8, /12) We take advantage of this conformational change and change in
protein rigidity to detect the binding event by a piezoelectric transducer, namely the
QCM. For our studies we used two different QCMs, the Maktec model (Figure 1.) and
the Q-Sense Model (Figure 3).
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Figure 1. Quartz crystal microbalance measurement system. The crystal holder contains
the piezoelectric crystal coated with gold. The crystal has a frequency that is related to
the buffer in the measurement cell and the substances attached to the gold surface.
Frequency measurements are taken by immersing the crystal holder into the measurement
cell and waiting until a steady baseline is obtained. The initial baseline is taken and then
protein is added to the crystal and incubated for a period of time. After the incubation the
measurement is taken. The ligand is then added to the crystal, which is also incubated for
a specific time before the measurement is taken. Crystal frequency usually decreases as
mass is added.

Cry=tal Holder




Figure 2. Glass cell for the Maxtec instrument. The glass container holds up to 30 ml of
liquid. The quartz crystal is located in the area of the clamp. Liquids can be injected into
the cell via the rubber stopper at the top of the glass container. For some of our
experiments we inserted a small spin bar to mix solutions. Illustration taken from
www.infitron.com who has just bought out Maxtec, INC.

Figure 3. The E4 Q-Sense instrument. (The Q-sense instrument used for this study was
located in the laboratory of Nathalie Tufenkji Assistant Professor Department of
Chemical Engineering McGill University, Canada. Illustration downloaded from

Q sense.com.)

The Q-sense instrument is a state of the art instrument that has a new way of measuring
the crystal frequency called the QCM-D technology. The QCM-D monitors the response
of a freely oscillating crystal which is touted to be more accurate than other models such
as the Maxtec. The QCM-D also measures many different frequencies (called overtones)
and dissipation, which is their proprietary technology. The advantage of this technology
is the characterization of protein surfaces on the crystal. It was thought that with the
dissipation measurement it is possible to determine whether the absorbed film is rigid or
soft. Another advantage is the ability to monitor four cells at one time in a flow cell
arrangement. Flow cell technology would be a more versatile set up for work in the
environment. In addition, our original hypothesis was that the estrogen receptor became
more rigid when ligands were bound in the pocket.(/3, /4) Experiments were run on this
instrument in hopes that we could prove that hypothesis and discriminate between
different types of ligands. It was also thought that this instrument would be more
sensitive than our Maxtec instrument. The crystals have a different design and are



smaller. These gold crystals are cleaned using a pirrhana solution, which strips the entire
crystal of all impurities. The surface is smoother than that of the Maxtec crystals.(/3)

Proteins used in this study

The estrogen receptor is a 66 kDa protein with a number of functional domains. It
is fortunate that the hormone HBD can function independently from the intact protein and
binds hormone in the same range as the full receptor (/5-17). Our preliminary studies
have used HBD made from a construct that produces the protein from amino acid 304 to
554 (18-20). There are four naturally occurring cysteine residues present in this HBD
protein: 381, 417, 447 and 530. In order to attach the protein to the gold in a known
orientation, it was necessary to have only one cysteine accessible for binding to the gold
surface. The cysteine at position 447 is deeply buried within a hydrophobic region of the
folded protein and thus is not able to react with the gold film. Since cysteines 381, 417
and 530 are surface exposed, two of these residues (C381 and C530) were mutated to
serines, removing their reactivity with the gold surface. From previous work in the
Katzenellenbogen laboratory, these mutations are known to have no implications on the
overall three dimensional structure of the protein or its capacity to bind ligands (19, 21).
The one remaining surface exposed cysteine, 417, was then utilized to immobilize the
protein on the gold surface. Amino acid 417 is not involved in ligand binding and tethers
the protein to the surface in a manner that does not disrupt ligand binding, dimer
formation or any conformational change associated with the binding site. Immobilization
of the double serine mutant HBD (HBDC417) dimer to the gold electrode is shown in
Figure 4.

Figure 4. The depiction of the HBDC417 dimer on the gold surface. The cysteine
residues in green are labeled. The surface exposed cysteine 417 is illustrated in red and
the 17B-estradiol (E;) is shown in blue. Mutation of Cys to Ser were made on residues



530 and 381. Residue C447 is buried and is not available for binding on the gold surface
unless the protein is unfolded. Helix 12 the cap of the binding pocket is shown in yellow.

The HBDC417 immobilized on the surface constitutes the bio part of the
biosensor. The frequency of the sensor crystal was measured before and after
immobilization of the HBD mutant as well as following exposure to a number of different
potential ligands. Repeat experiments with HBDC417 mutant showed frequency shifts
resulting from receptor immobilization ranged from 45 - 54 Hz. Exposure of immobilized
receptor to 17B-estradiol (natural estrogen) showed an additional frequency shift of 25
Hz. Calculations based only on mass (equation 1) indicate that a frequency shift of less
than 1 Hz is expected from addition of 17B-estradiol to the surface. Again, an
unexpectedly large frequency shift is observed with ligand binding. This occurs because
of conformational changes in the receptor that change the nanoscale environment at the
sensor surface, yielding a much larger frequency response than expected from mass
considerations alone. This data was found with the Maxtec system and was reported. (/4)
Our studies funded by this grant further investigate the versatility of the Maxtec system
for binding a number of different ligands under the same conditions as reported and to
test the sensitivity of the system to ligand concentrations and conditions that would exist
in environmental samples.

Another mutant of the HBD was produced for this investigation in hopes that this
new construct may provide greater sensitivity, producing a signal in the low nM range for
estradiol and other target compounds such as nonylphenol. Sensitivity to a range of
estrogens at environmentally-relevant concentrations is a prerequisite to a biosensor and
capture system that can be used to monitor unprocessed, relatively uncontaminated field
samples. A new HBD construct was made in which we leave the naturally-occurring
cysteine at the 530 residue to make the sulfur linkage to the gold surface and mutate the
cysteine at position 417 to serine. The illustration of this construct HBDC530 is shown in
Figure 5.



Figure 5. The depiction of the HBDC530 dimer on the gold surface. The surface
exposed cysteine 530 is illustrated in green with lines drawn to the gold and the 17f3-
Estradiol is shown in blue. Mutation of Cys to Ser were made on residues 417 and 381.
Residue C447 is buried and is not available for binding on the gold surface unless the
protein is unfolded. Helix 12 the cap of the binding pocket is shown in yellow.

A third mutant was also developed for these studies. The triple mutant where all
three cysteines were mutated to serine (HBD TM) was produced to provide a negative
control for these experiments. If a cysteine is not surface available the immobilization of
the protein is not possible and the biosensor will have no change in frequency when
protein is added. This provides a check for our hypothesis that the cysteines are key to the
immobilization of the protein. In addition this, HBD TM provides a means of ligand
capture. If the gold surface of the crystal with HBDC417 immobilized on the surface is
fully loaded with ligand a mobile protein HBD TM could be introduced in the
experiment. HBD TM in higher concentration than HBDC417 would confiscate the
bound ligand by LeChatelier’s principal. The mobile protein could then be used for mass
spectral studies. We were in hopes that this may be a way to sequester the ligands
immobilized on the surface without hindering the protein layer. Severe chemical
conditions must be utilized to remove the protein covalently bound on the surface. The
conditions make it impossible for the protein to remain intact. If we were to use harsh
conditions the proteins would also be compromised. In essence we would have numerous
chemical species in a mixture if we were to try to remove the protein (with acid or base
conditions) with ligand attached. It would be impossible to sort out the products in a mass
spectrometry experiment. So our reasoning for this mutant is to develop a capture and
recapture system for future mass spectrometry experiments to discover novel ligands of
the estrogen receptor.
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Figure 6. The experimental plan for regeneration of the biosensor surface and
sequestering of the ligands captured. Our reasoning for the production of the HBD TM
shown in green is to capture the ligands that are sequestered from the environmental
samples by the protein immobilized on the surface. We intend to do this so that we would
not have to use acid or base to break the covalent S-Au bond. The acid or base would
have dire consequences on the protein and make an impossibly complex mixture to
examine by mass spectrometry.

Mass spectrometry experiments are being done by Owen Nadeau at University of Kansas
Medical Center on the HBD TM. All attempts were made on an FT ICR MS. The
proteins were injected onto RP nanobore C18 columns and analyzed by electrospray
ionization (ESI). We tried to mimic the procedures outlined in a previously reported
work.(20) except that we used fourier transformation for detection. Progress is being
made to solubilize the protein so that this methodology can be used.

Both mutants were produced and purified to homogeneity. A representative SDS gel is
shown below in Figure 7.
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Figure 7 SDS-PAGE of HBD-Mutant expression and isolation: Lane 1- molecular weight
marker; Lane 2- supernatant from lysed cells; Lane 3- supernatant run-thru from Ni(I)-
NTA column; Lane 4- T/G buffer run-thru column; Lane 5- HBD-Mutant elution #1 from
column; Lane 6- HBD-Mutant elution #2 from column. Details of the purification are
published. (14, 22)

The following is a graph of the experiments with HBDC417 and a number of ligands.
The ligand concentration for each of these is 20 uM with less than 10% ethanol in
solution.(/4)

Estrogens

frequency of ligand / frequency of
protein
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Figure 8. QCM Frequency Response to Ligand Binding. This graph represents the
frequency shifts from the QCM for ligand binding relative to the immobilization of HBD-
C417 for two trials with each ligand. Ligand include: (1) 17B-estradiol (2) estriol (3)



diethylstilbestrol (4) tamoxifen (5) 4-hydroxytamoxifen (6) genistein (7) testosterone and
(8) progesterone. Experiments were done with 20 uM ligand with less than 10% ethanol
in the buffer.
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Figure 9. QCM Frequency Response to Ligand Binding. This graph represents the
normalized frequency shifts from the QCM for ligand binding relative to the
immobilization of HBD-C417 for two trials with each ligand. Ligand include: (1) estrone
(2) apigenin (3) ergosterol (4) methoxychlor (5) octyphenol (6) baicalein (7) kaempferol
(8) 2,4 dichlorophenoxyacetic acid. Experiments were done at concentrations of 20 uM
ligand.

In addition to the binding capacity of the biosensor for a variety of ligands we
tested the sensor to monitor its capability to bind 17-B-estradiol in the nanomolar range.
Results are shown in Figure 10 which illustrate a logarithmic trend in the frequency shift
with increasing concentrations and begins to plateau near the 20 uM range. It was thus
postulated that a concentration of 20 uM 17B-estradiol was sufficient to saturate the
majority of HBDC417 immobilized receptors. It is also important to notice that a
significant reading was detected in the nanomolar range (100 nM). Subsequent trials
with estradiol and other ligands including those shown above did not provide us with any
further sensitivity. Thus our lowest limit of concentration for detection by this
methodology with the Maxtec instrument is 100 nM. All studies with the HBDC530
mutant resulted in an even lower sensitivity. We surmise this because the residue 530 is
located near the binding pocket and it may be assumed that the attachment to the gold
surface does not allow the helix 12 to fully close to capture the ligand. In most of the
studies with HBDC530 the ligand binds but after time is released from the protein.
Figure 11 and Figure 12 depict these phenomena with estradiol and nonylphenol.
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Figure 10. Graphical representation of the ligand frequency shift versus thel7-B-estradiol
(E») concentrations incubated at the surface of the HBDC417 immobilized receptors.
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Figure 11. The Maxtec QCM experiment of HBDC530 and estradiol. Baseline was
established at 325 Hz addition of protein caused a reduction of frequency of 47 Hz and
the addition of 20 mM estradiol in buffer and ethanol gave an additional decrease in
frequency of 10 Hz.

1.0
oo Time ©1:31:36.00

Figurel2.. The Maxtec QCM experiment of HBDC530 and nonylphenol. Baseline was
established and the addition of protein caused a reduction of frequency of 24 Hz and the
addition of 20 mM nonylphenol in buffer and ethanol gave an additional decrease in
frequency of 8 Hz. As you can observe the frequency is increasing with time. In
subsequent experiments the frequency after 2 hours reached the frequency of the
immobilized protein layer. This indicates that the protein is releasing the ligand.

We investigated the additive properties of ligands. In these experiments we incubated two
ligands together on the quartz crystal. In all cases if we were above the concentration of
detection 100 nM no significant difference in the QCM response was observed when two
compounds were added together. Since our limit of detection is not low enough for
environmental samples, we abandoned these experiments. A representative graph is
shown for these types of experiments in Figure 13.
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Figure 13 The combination of DES and estradiol as ligands in the Maxtec QCM
experiment.

Studies relating to the direct attachment of the protein to the surface.

Our work has brought up many questions as to why the QCM responds in such a manner
with proteins directly attached to the gold surface. In many other studies, researchers
have attached proteins to linkers to passivate the surfaces. We wanted to examine the
effect of immobilization strategy on the QCM frequency response to ligand binding
experienced by HBD. The thiol linker 3,3-dithiobis [N-(5-amino-5-carboxypentyl)-
propionamide-N’-N’-diacetic acid] complexed with nickel (Ni-NTA) was used as a
means to immobilize the genetically engineered ligand binding domain of the estrogen
receptor. The thio end of the linker binds to the gold surface via a gold-sulfur bond and
provides a self-assembled monolayer on the gold. The Ni-NTA chelate end which is
commonly used for histidine-tagged protein purification or separation, binds to the
genetically engineered binding domain of the estrogen receptor. In this study the
frequency response to 17p-estradiol is compared for the receptor directly immobilized on
the gold surface to receptor immobilized via a Ni-NTA linker. The details of this study
are in the appendix in the paper: Baltus, R.E, Carmon, K.S.,and Luck, L.A.(2007) Quartz
Crystal Microbalance with Immobilized Protein Receptors: A Comparison of Response to
Ligand Binding for Direct Protein Immobilization and Protein Attachment via a Disulfide
Linker. Langmuir 23 3990-3995.

Studies of the HBD with the Q-Sense Instrument

Experiments with HBDC417 and HBDC530 were performed at McGill University under
the direction of Dr. Nathalie Tufenkji. This system allows 4 simultaneous experiments to
be performed under flow conditions. The following experiment shows HBDC417
immobilization and subsequent incubation with the ligand nonylphenol (SMM in 90%
ethanol).

The configuration was at follows:
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Cell 1: Ligand + Buffer, Cells 2 & 3: HBD+ Ligand, Cell 4: HBD + Buffer.

Procedure:
TG Buffer was pumped until baseline was achieved.

1.

Nk WD
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Frequency shift (Hz)

A total volume of 1 ml of HBD dissolved in Buffer was injected in cells 2, 3 & 4.

The pump was halted and an incubation period of 1 hr was allowed.
The ligand (4-Nonylphenol) was injected in cells 1, 2 & 3 @ 5 mM.

The pump was stopped followed by an incubation period of 15 min. There is no

frequency change observed when ligand is added to the protein.

The system is rinsed with buffer solution, and the frequency shift returns to the

previous levels
The protein binds to the gold surface
It appears that the nonylphenol may bind to the gold surface as well
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Figure 14. The Q-sense experiment with HBDC417 described above.
The Q-sense and Maxtec instruments showed a 50 to 60 Hz change when the proteins

(both HBDC417 and HBDC530) were added. The Q-sense instrument showed a decrease

Ligand +
Buffer

— — — HBD + Ligand

HBD + Ligand

— - — - HBD + Buffer

in frequency along with an increase in the dissipation as the protein deposits on the

surface. Experiments with both mutants of HBD using other iterations failed to show a
change in frequency when ligand (estradiol, nonylphenol, estrone) were added. A number

of trials were done with the three estrogenic compounds and proteins.

We also tried to repeat experiments on the glucose and galactose binding protein which
showed in the Maxtec experiments a large frequency shift upon ligand addition. These
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glucose experiments with the Q-sense instrument also did not parallel those of the
Maxtec instrument. Both Maxtec and Q-sense representatives have been consulting with
our two groups on this dilemma. It appears that we are not the only ones who are having
these discussions. There seems to be a large disconnect between the technologies and the
proprietary nature of these companies have not made these studies transparent. Although
this course has not been productive in terms of developing a method for capturing new
ligands, it has opened new doors for scientific inquiry. We plan to pursue this challenge
in the next few months by further study in the area of surface phenomena with proteins.
Dr. Luck’s group plans to beta test a new QCM by Sierra Sensors and the Tufenkji group
is beta testing a new Q-sense instrument with the estrogen receptors made for this project.

While investigating the predicament mentioned, above we decided to test a number of
compounds that were used in the purification of the protein to see if they might be
interfering with the Q-sense instrument. One such compound was imidazole. This
compound is used to isolate the protein by competing with the His tagged protein for the
NTA on the purification column. It is also present in uM quantities in the final
preparation used in the QCM experiments. Our experiments showed in both the Q-sense
and the Maxtec that imidizole does not bind to the gold significantly under 5 mM.

We also tested DNA to see if it may bind to the surface. The reasoning for this is that the
preps may vary from time to time and one of the key differences is the isolation of the
protein from the cell contents. DNA many times contaminates protein preps. Our
conclusion from data from the Maxtec instrument is that DNA does not bind to the gold
surface.

Humic Acid Studies

In screening waste water for unidentified EDCs we needed to assess whether the
dissolved organic matter (DOC) content of the solutions would be of concern. We used a
standard river humic acid standard (International Humic Substances Society, Suwanee
River Humic Acid) as a model compound for this study. We made solutions of the
standard organic matter in buffer solutions to see if the organics would bind to the gold
crystal and interfere with binding of proteins to the surface. We also need to test this
organic matter on gold surface for work that we may pursue with gold nanoparticles.
Both QCM instruments were used for these studies. In both experiments, our results
indicate that DOC levels that are occurring in sewage samples are not likely to bind to the
gold surfaces. We see an ~ -2 Hz shift in the Q-sense experiment of the humic acid at
100 mg/L which is likely to be the highest concentration that would occur in samples of
interest. Concentration of 20 mg/L and 1 mg/L show no significant frequency decrease in
comparison to the buffer. Studies with the Maxtec instrument show no changes in
frequency upon subsequent addition of humic acid up to 50 mg/L in the glass cell
apparatus. These experiments were done over a 7 hour period.

15
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Figure 15. Experiments with the Q-Sense instrument using 4 crystals. After a baseline
was established addition of each sample of humic acid was added by flow mechanism.
An incubation of 10 minutes was used. Crystals were rinsed after the incubation.

Investigation of the gold nanoparticles for trapping EDCs

Since our QCM experiments were not sensitive enough to detect estrogens at low
concentration, we started preliminary work on the development of surface-immoblized
proteins on gold nanoparticles with detection of ligand binding by an electrochemical
system that is known to be more sensitive. Our first studies have been done with the
glucose and galactose binding protein which has been our model system due to the
protein being readily available and stable. The investigation of the nanoparticle sensor
showed detection in the range of the glucose receptor. The manuscript attached in the
appendix gives the details of the experiments and methodology.

Key Research Accomplishments

¢ Established that the direct attachment of the protein to the gold surface is key to the
QCM experiments.

¢ Showed that Q-Sense and Maxtec QCM Instrumentation does not illustrate the
same responses for ligand binding.

¢ Showed that humic acid does not bind to the gold so all experiments done on gold
surfaces will be viable with environmental samples containing high levels of

dissolved organic matter

¢ Showed the sensitivity of the QCM is not yet good enough to be used in
environmental studies of estrogenic substances present at low concentrations
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¢ Showed electrochemical detection of ligand binding by nanoparticles may be a
more viable methodology for EDC detection
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Nanoparticles: A Novel Electrochemical Glucose Biosensor in press Analytical
Biochemistry

Baltus, R.E, Carmon, K.S.,and Luck, L.A.(2007) Quartz Crystal Microbalance with
Immobilized Protein Receptors: A Comparison of Response to Ligand Binding for Direct
Protein Immobilization and Protein Attachment via a Disulfide Linker. Langmuir 23
3990-3995.

Roy, U. and Luck, L.A. (2007) Molecular Modeling of the Estrogen Receptor Using
Molecular Operating Environment. Biochemistry and Molecular Biology Education 35
238-243.

Abstracts

Luck, L.A., Layhee, A. W., Abramowitz, D.J., Standley, L.J., and Rudel, R.A.
Genetically Engineered Protein Films on the Quartz Crystal Microbalances: A Biosensor
for the Detection of Xenoestrogens 235™ ACS National Meeting, New Orleans, LA April
2007 accepted

Luck, L.A. and Andreescu, S. Genetically Engineered Protein Films on Gold
Nanoparticles: A Novel Electrochemical Glucose Biosensor VII European Symposium of
the Protein Society. Stockholm/Uppsala Sweden, May 2007

Luck, L.A , Carmon, K.S., and Baltus, R.E. Detection of Small Ligands using a Quartz
Crystal Microbalance with Genetically Engineered Proteins. 1** Annual International
QCM-D Conference. Boston MA December 2006

Luck, L.A , Carmon, K.S., and Baltus, R.E. Development of a QCM Biosensor using
Genetically Engineered proteins. 34" NERM Meeting of the ACS. Binghamton, NY
October 2006 (no abstract)

Sokolov, 1., Luck, L.A. and Subba-Rao, V. Change in Rigidity in the Glucose/Galactose
Receptor Detected with AFM: A Phenomenon that will be Key to the Development of a
Family of Biosensors. 34" NERM Meeting of the ACS. Binghamton, NY October 2006
(no abstract)
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Luck, L.A. Biosensors Using Genetically Engineered Proteins: Incorporating
Undergraduates in Interdisciplinary Research Projects in the Biosensor Field. 20"
Symposium of the Protein Society, San Diego, CA August 2006

Students Trained

Graduate Students
Kendra Carmon
Jessica King
Undergraduate Students
Robert Byno BS Chemistry 2007 will be grad student Jan 08
Kathryn Whipple Bs Chemistry 2007
Dave Abramowitz BS Biochemistry 2007
Adam Layhee (supported by grant)
Courtney Sipe sophomore
Jeremy Childs transferred to UB (supported by grant)
Candace Moulton sophomore

Funding applied for
NSF MRI grant for mass spectrometer Co PI with Guissepi Petrucci, chemistry
department at the University of Vermont

Conclusions

This concept award was granted to develop a biosensor for identifying novel endocrine
disrupting chemicals. We proposed to develop a QCM-biosensor that would be able to
sense and identify estrogenic activity in complex mixtures. The initial biosensor has
promise for this capability but our subsequent studies have shown that the QCM
biosensor will not have the sensitivity to sequester and release estrogens that are in low
concentration. Our work has also pointed to a discrepancy between two different types of
instruments, the Maxtec and the Q-Sense instrument. The Maxtec shows a response for
ligands whereas the Q-Sense instrument which is touted to be more sensitive does not.
This study has raised a number of questions in the QCM field that will open doors for
much research in the future. We have clearly demonstrated that humic acid as a model for
dissolved organic substances in wastewater and other sources did not interfere with the
gold surfaces used in a number of electrochemical methods. We also have shown that
electrochemical methods in combination with gold nanoparticles may be a more sensitive
methodology for ligand capture for EDCs.

References

1. Reiter, L. W., DeRosa, C., Kavlock, R. J., Lucier, G., Mac, M. J., Melillo, J.,
Melnick, R. L., Sinks, T., and Walton, B. T. (1998) The U.S. Federal Framework
for Research on Endocrine Disruptors and an Analysis of Research Programs
Supported During Fiscal Year 1996. Environ. Health Persp. 106, 105-113.

18



10.

11.

12.

13.

14.

15.

16.

Crews D., Willingham E., and Skipper J. K. (2000) Endocrine Disruptors: Present
Issues, Future Directions The Quarterly Review of Biology 75, 243-259.

Shelby, M. D., Newbold, R. R., Tully, D. B., Chae, K., and Davis, V. L. (1996)
Assessing Environmental Chemicals for Estorgenicity using a Combination of in
vitro and in vivo Assays Environ. Health Persp. 104, 1296-1300.
Katzenellenbogen, B. S., Montano, M. M., Ediger, T. R., Sun, J., Ekena, K.,
Lazennec, G., Martini, P., Mclnerney, E. M., Delage-Mourroux, R., Weiss, K.,
and Katzenellenbogen, J. A. (2000) Estrogen Receptors: Selective Ligands,
Partners, and Distinctive Pharmacology Recent Progress in Hormone Research
55,163-195.

Seielstad, D. A., Carlson, K. E., Kushner, P. J., Greene, G. L., and
Katzenellenbogen, J. A. (1995) Analysis of the Structural Core of the Human
Estrogen Receptor Ligand Binding Domain by Selective Proteolysis/mass
Spectrometric Analysis Biochemistry 34, 12606-12615.

Janshoff, A., Galla, H. J., and Steinam, C. (2000) Piezoelectric Mass-Sensing
Devices as Biosensors- An alternative to Optical Biosensors? Angewandte
Chemie 39, 4004-4032.

Parker, M. G. (1993) Steroid and Related Receptors Curr. Opin. Cell Biol. 5, 499-
503.

Shiau, A. K., Barstad, D., Loria, P. M., Cheng, L., Kushner, P. J., Agard, D. A.,
and Greene, G. L. (1998) The Structural Basis of Estrogen Receptor/coactivator
Recognition and the Antagonism of this Interaction by Tamoxifen Cel/ 95, 927-
937.

Brzozowski AM, Pike AC, Dauter Z, Hubbard RE, Bonn T, Engstrom O, Ohman
L, Greene GL, Gustafsson JA, and Carlquist M. (1997) Human Estrogen Receptor
Ligand-Binding Domain In Complex With Raloxifene Nature 389, 753-758.
Pike AC, Brzozowski AM, Hubbard RE, Bonn T, Thorsell AG, Engstrom O,
Ljunggren J, Gustafsson JA, and M, C. (1999) Structure of the ligand-binding
domain of oestrogen receptor beta in the presence of a partial agonist and a full
antagonist. EMBO 18, 4608-4618.

Pike, A. C. W., Brzozowski, A. M., Walton, J., Hubbard, R. E., Thorsell, A., Li,
Y., Gustafsson, J., and Carlquist, M. (2001) Structural Insights into the Mode of
Action of a Pure Antiestrogen Structure 9, 145-153.

Brzozowski A. M., Pike A. C. W., Dauter Z., E., H. R., Bonn T., Engstrom, O.,
Ohman L., Greene G. L., Gustafsson J., and Carlquist M. (1997) Molecular Basis
of Angonism and Antagonism in the Oestrogen Receptor Nature 389, 753-758.
Sokolov, L., Venkatesh, S., and Luck, L. A. (2006) Change in Rigidity in the
Activated Form of the Glucose/ Galactose Receptor from E.coli: A Phenomenon
That Will Be Key to the Development of Biosensors Biophys. J. 90, 1058-1063.
Carmon, K. S., Baltus, R. E., and Luck, L. A. (2005) A Biosensor for Estrogenic
Substances Using the Quartz Crystal Microbalance Anal. Biochem. 345, 277-283.
Kumar, V., Green, S., Stack, G., Berry, M., Jin, J. R., and Chambon, P. (1987)
Functional domains of the human estrogen receptor Cell 51, 941-951.
Katzenellenbogen, J. A., and Katzenellenbogen, B. S. (1996) Nuclear hormone
receptors: ligand-activated regulators of transcription and diverse cell responses
Chemical Biology 3, 529-536.

19



17.

18.

19.

20.

21.

22.

Brandt, M. E., and Vickery, L. E. (1997) Cooperativity and Dimerization of
Recombinant Human Estrogen Receptor Hormone -binding Domain The Journal
of Biological Chemistry 272, 4843-4849.

Gee, A. C., and Katzenellenbogen, J. A. (2001) Probing Conformational Changes
in the Estrogen Receptor: Evidence for a Partially Unfolded Intermediate
Facilitating Ligand Sinding and Release Molecular Endocrinology 15, 421-428.
Carlson, K. E., Choi, L., Gee, A., Katzenellenbogen, B. S., and Katzenellenbogen,
J. A. (1997) Altered Ligand Binding Properties and Enhanced Stability of a
Constitutively Active Estrogen Receptor: Evidence That an Open Pocket
Conformation Is Required for Ligand Interaction Biochemistry 36, 14897-14905.
Seielstad, D. A., Carlson, K. E., Katzenellenbogen, J. A., Kushner, P. J., and
Greene, G. L. (1995) Molecular Characterization by Mass Spectrmetry of the
Human Estrogen Receptor Ligand-Binding Domain Expressed in Escherichia coli
Molecular Endocrinology 9, 647-658.

Reese, J. C., and Katzenellenbogen, B. S. (1991) Mutagenesis of Cysteines in the
Hormone Binding Domain of the Human Estrogen Receptor The Journal of
Biological Chemistry 266, 10880-10887.

Baltus, R. E., Carmon, K. S., and Luck, L. A. (2007) Quartz Crystal Microbalance
with Immobilized Protein Receptors: A Comparison of Response to Ligand
Binding for Direct Protein Immobilization and Protein Attachment via a Disulfide
Linker. Langmuir 23, 3990-3995.

20



Appendices

21



i

[N B N

20
21
22

23
24
25
26
27
28
29

ELSEVIER

Analytical Biochemistry xxx (2008) xxx—xxx

Available online at www.sciencedirect.com

ScienceDirect

ANALYTICAL
BIOCHEMISTRY

www.elsevier.com/locate/yabio

Studies of the binding and signaling of surface-immobilized
periplasmic glucose receptors on gold nanoparticles:
A glucose biosensor application

Silvana Andreescu®*, Linda A. Luck?®

4 Department of Chemistry and Biomolecular Science, Clarkson University, Potsdam, NY 13699, USA
® Department of Chemistry, State University of New York at Plattsburgh, Plattsburgh, NY 12901, USA

Received 21 November 2007

Abstract

Genetically engineered periplasmic glucose receptors as biomolecular recognition elements on gold nanoparticles (AuNPs) have
allowed our laboratory to develop a sensitive and reagentless electrochemical glucose biosensor. The receptors were immobilized on
AuNPs by a direct sulfur-gold bond through a cysteine residue that was engineered in position 1 on the protein sequence. The study
of the attachment of genetically engineered and wild-type proteins binding to the AuNPs was first carried out in colloidal gold solutions.
These constructs were studied and characterized by UV-Vis spectroscopy, transmission electron microscopy, particle size distribution,
and zeta potential. We show that the genetically engineered cysteine is important for the immobilization of the protein to the AuNPs.
Fabrication of the novel electrochemical biosensor for the detection of glucose used these receptor-coated AuNPs. The sensor showed
selective detection of glucose in the micromolar concentration range, with a detection limit of 0.12 pM.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Gold nanoparticles; Biofunctionalization; Periplasmic glucose/galactose receptor; Biosensor; Surface immobilization; Self-assembled protein

monolayers

During the past decade, gold nanoparticles (AuNPs)"
have attracted an enormous amount of attention in the sci-
entific and engineering fields due to their multifaceted
properties. Recently, they have been widely used in combi-
nation with proteins, peptides, enzymes, antibodies, and
nucleic acids [1-10]. These biomolecule-AuNP assemblies
have found applications in biotechnology, biology, and

* Corresponding author. Fax: +1 315 268 6610.

E-mail address: eandrees@clarkson.edu (S. Andreescu).

U Abbreviations used: AuNP, gold nanoparticle; GGR, glucose/galactose
receptor; GGR-WT, glucose/galactose receptor-wild type; GGR-Cys,
glucose/galactose receptor where alanine was replaced by cysteine at the
N-terminal position; {-potential, zeta potential; PSD, particle size distri-
bution; TEM, transmission electron microscopy; PB, phosphate buffer;
DI, deionized water; HR-TEM, high-resolution JEOL 2010 transmission
electron microscopy; GCE, glassy carbon electrode; SEM, scanning
electron microscopy; CV, cyclic voltammetry.

0003-2697/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
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medicine for the development of biological assays and
biolabeling, in drug delivery, and as probes in cancer detec-

30
31

tion. Immobilization of proteins in a functional state on Q1 32

AuNPs is of critical importance in practical applications,
especially in biosensing and biolabeling [7-10].

Here we describe studies that incorporate genetically
engineered periplasmic binding proteins that sense glucose
on the surface of AuNPs. We further describe an electro-
chemical methodology to use these protein—~AuNP assem-
blies for use in biosensors to detect glucose in the
micromolar range. For the most part, biosensors use target
molecules that are immobilized on or within a suitable
material that is in direct contact with the surface of a trans-
ducer. AuNPs are an ideal platform for biosensors, espe-
cially for those with electrochemical detection, because
the gold surface area is suitable for binding of biomolecules
and the metal facilitates direct and fast electron transfer.

Biochem. (2008), doi:10.1016/j.ab.2007.12.035
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Moreover, the AuNPs, as compared with flat gold surfaces,
have a much higher surface area, allowing the loading of a
larger amount of protein and potentially more sensitivity
[7-10]. For many biosensor applications in the literature,
the biomolecules are attached to gold surfaces via thiol
linkers attached on the gold surface [11,12] or, as in the
current study, are directly linked to the gold by the use
of sulfur atoms within the bioentity [13,14]. The receptors
used in a number of studies from our laboratories have
used a cysteine residue endogenous to the native protein,
or one that is genetically engineered into the protein can
be used to link and spatially orient the biomolecule on
the gold surface [15-22]. When a surface-exposed cysteine
residue on a protein is not feasible, thiol linkers to other
residues on a protein allow semispecifically oriented layers
on the surface [23]. Although there has been some discus-
sion in the literature pointing to protein deposition without
exposed cysteines, a number of studies from our laborato-
ries have indicated that native glucose/galactose receptors
(GGRs) without a genetically engineered cysteine residue
do not bind to the gold surface, whereas receptors with a
surface-exposed cysteine form a stable affinity bond to gold
surfaces [15-22].

The current study was undertaken to explore the ori-
ented immobilization of receptor proteins to AuNPs. For
our purposes of developing a glucose biosensor, we used
the periplasmic glucose/galactose receptor—wild type
(GGR-WT), which is highly specific for its natural cognate
ligands. Ligand binding is accompanied by a large confor-
mational change [15]. GGR-WT has no native cysteines,
but we have developed a number of mutants that have
one surface-exposed cysteine residue that can be used to
attach the protein to a gold surface. For this study, we used
the mutant where alanine was replaced by cysteine at the
N-terminal position (GGR-Cys). This engineered site pro-
vides an SH group for protein linkage to the gold surfaces.
The advantage of such an approach is the precise control
and orientation of the protein on the electrode surface with
the preservation of its functional properties. This system
circumvents the denaturation or instability problems com-
monly encountered when immobilization is achieved
through physical adsorption or covalent linkage of natural
proteins.

A number of studies have been reported using the GGR
and genetically engineered cysteine mutants of this receptor
where we have looked at detected binding through changes
in surface plasmon resonance [17], frequency decrease on a
quartz crystal microbalance [15], change in rigidity by
atomic force microscopy [22], and electrochemical imped-
ance [18,21]. In the current study, the AuNPs with immo-
bilized receptor proteins are characterized by UV-Vis
spectroscopy, zeta potential ({-potential), particle size dis-
tribution (PSD), and transmission electron microscopy
(TEM). We demonstrate the utility of these AuNPs as a
means to detect glucose in the micromolar range. In addi-
tion, this study serves as a model for the development of
electrochemical biosensors using receptors that bind to

small molecules. Applicability of this system could be
extended to a number of protein families, including the ste-
roid hormone receptor superfamily, and to the detection of
Xenoestrogens.

Materials and methods
Expression and purification of recombinant proteins

The preparation and expression of GGR-WT and
GGR-Cys have been described previously [17]. Fig. 1 illus-
trates the position of the amino acid cysteine mutation and
the orientation of the protein on the nanoparticle.

Reagents and solutions

HAuCl, 3H,0 (23.03 wt% Au, 6.5 wt% free HCI) was
purchased from Degussa (South Plainfield, NJ, USA).
Isoascorbic acid (Cg¢HgOg) was obtained from Fluka.
The phosphate buffer (PB) solution (pH 6.5) used for
the preparation of 10 mM Kj;[Fe(CN)g] (Fischer Scien-
tific, Fair Lawn, NJ, USA) contains 0.1 M KH,PO,
(Fischer Scientific) and 0.1 M Na,HPO, (J. T. Baker,
Phillipsburg, NJ, USA). All aqueous solutions were pre-

‘ Glucose
AUNP
& Cysteine

Fig. 1. Backbone structure of the glucose and galactose binding protein
attached to the AuNP. This figure illustrates the position of the alanine to
cysteine mutation at position 1 in green and the glucose in the binding
pocket in red. The drawing was done using PDB file 2GBP from the
Protein Data Bank. The nanoparticle is not drawn to scale because it
actually is 10 times larger than the protein. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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pared with deionized water (DI) using a Millipore Direct-
Q system with a resistivity of 18.2 MQ. p-Glucose, fruc-
tose, L-valine, and L-leucine were purchased from Sigma.
Protein buffer contained 100 mM KCI, 10 mM Tris (pH
7.1), and 0.5 CaCl, (Tris buffer). Tris buffer was used in
all experiments involving colloidal gold in the presence/
absence of proteins.

Instrumentation

The UV-Vis spectra of AuNPs were recorded with
a Shimadzu P2041 spectrophotometer equipped with a
I-cm path length cell. The electrokinetic properties,
{-potential, and PSD were measured with a Brookhaven
Zeta Plus—Zeta Potential Analyzer at 25 °C and calcu-
lated with standard software. The size, size distribution,
and morphology of the AuNPs were measured by high-
resolution JEOL 2010 transmission electron microscopy
(HR-TEM).

All electrochemical measurements were performed with
a PARSTAT 2263 electrochemical analyzer (Princeton
Applied Research) equipped with Power Suite software.
These electrochemical experiments were carried out using
a conventional cell operating with an Ag/AgCl/3M NaCl
as reference electrode, a platinum wire as counterelectrode,
and a glassy carbon electrode (GCE) with a geometrical
surface area of 28 mm® as working electrode. The cell
and electrodes all were provided by Bioanalytical Systems
(West Lafayette, IN, USA).

Preparation of gold colloids

Gold colloids were obtained by reduction of gold ions
with isoascorbic acid as described previously [24]. All glass-
ware used in the preparation of AuNPs was cleaned in an
HNO; bath, rinsed thoroughly with distilled water, and
dried prior to use. A stable red gold colloidal solution
was obtained. The resulting AuNPs are uniform and highly
dispersed, with an average particle diameter between 30
and 40 nm (as determined by TEM and scanning electron
microscopy [SEM] analysis) [24]. The absence of dispersing
agents during the preparation procedure ensures a clean
gold surface, making them attractive for further modifica-
tion with biomolecules.

Preparation of protein—-AuNP conjugates: Study of protein
attachment

The protein production and genetic engineering of the
native glucose and galactose protein and the mutant used
in this study were described previously [17]. For the current
article, we have defined the native protein as GGR-WT
and the alanine to cysteine mutant of GGR as GGR-
Cys. An illustration of the position of this mutation and
its binding on an AuNP is given in Fig. 1. The point of
attachment of the cysteine residue is far from the glucose

binding site in the GGR protein; thus, this modification
has no effect on its binding capability.

The immobilization of both GGR-WT and GGR-Cys
to the AuNPs was accomplished by mixing 0.84 ml of 0.2
mM colloidal gold solution with 0.14 ml of 7 uM protein
solution. The solutions were stirred for approximately 20
to 30 s and then analyzed by UV-Vis spectroscopy and
{-potential. The results were compared with the spectra
of a control colloidal gold solution in the absence of pro-
tein. To evaluate the immobilization of the proteins on
the AuNPs, the conjugates were separated by centrifuga-
tion (15 min at 6000 rpm) and the UV-Vis spectrum of
the supernatant was recorded to check for the presence of
proteins. For HR-TEM analysis, one drop of gold or pro-
tein-modified AulNP colloidal solution without sonication
was deposited on a TEM copper grid and dried under
vacuum.

Electrode preparation and electrochemical studies

AuNPs were electrodeposited on the surface of a GCE
by electrodeposition from a gold solution. The procedure
involves applying a constant potential of —200 mV for 60
s in a solution of 1.2 pM HAuCl,. The solution was pre-
pared in distilled water and deoxygenated by purging with
N, for approximately 15 min. Prior to deposition, the GCE
was cleaned and dried according to the following sequence:
polish with 0.3 um alumina powder, wash ultrasonically for
10 min in distilled water, rinse with distilled water, and dry
under a nitrogen stream. The surface of the electrode prior
to and after deposition of proteins was characterized by
cyclic voltammetry (CV) using the model reversible redox
couple Fe"'(CN); /Fe'(CN);". For this purpose, the
three electrodes were immersed in a classical electrochemi-
cal cell containing K3Fe(CN)g, 10 mM was prepared in PB
(pH 6.5), and the potential was scanned between 0 and 0.6
V versus Ag/AgCl reference electrode at a scan rate of 50
mV/s.

Biosensor fabrication and binding studies

The GCE-AuNP electrodes prepared by electrochemical
deposition were incubated in 0.5 ml of 7 uM GGR-WT (or
GGR-Cys) for 1 h at room temperature. The electrodes
were rinsed thoroughly with Tris buffer to remove the
excess of unbound protein and were incubated in p-glucose
solution at a given concentration. b-Fructose, L-valine, and
L-leucine were used as negative controls because they are
not natural ligands and do not bind to the protein. Protein
immobilization, as well as the binding of target ligands,
was evaluated by CV using Fe(CN);” /Fe(CN),~ solution
(10 mM) in PB (pH 6.5) by scanning the potential between
0 and 0.6 V at a scan rate of 100 mV/s. For evaluation of
nonspecific absorption of the protein, attachment of
GGR-WT and subsequent binding of glucose were per-
formed under the same experimental conditions as for
GGR-Cys.

Biochem. (2008), doi:10.1016/j.ab.2007.12.035
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Results and discussion

Study of binding and activity of recombinant proteins on
AuNPs

UV-Vis spectroscopy

It is known that highly dispersed gold colloids (single
particles) in solution present a single absorption peak
attributed to quadrupole plasmon excitation [25]. The posi-
tion of the plasmon absorption band depends on the size,

surface properties, mutual interactions in the dispersion
medium, and extent of aggregation. The attachment of
the proteins on AuNPs and the surface changes due to
the absorbed proteins are expected to affect the surface
plasmon. This results in a color change in the solution
[26]. Aggregation of AuNPs usually is observed as a red
shift in the color arising from the absorption bands at long
wavelengths due to coupling between plasmons of neigh-
boring particles inside the aggregates. In general, the smal-
ler the interparticle distance, the larger the red shift [27].

A
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- = s Au_GGR- Cys
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Fig. 2. UV-Vis spectra of AuNPs in the absence (Au) and presence of GGR-WT (Au_GGR-WT) and GGR-Cys (Au_GGR-Cys) immediately after
mixing (A) and after 48 h incubation (B). In all experiments, a 10-mM Tris buffer solution (pH 7.1) containing 100 mM KCl and 0.5 mM CaCl, was used.
Q3 Panel A inset: Color of gold sols in the presence of GGR-WT and GGR-Cys. AU, arbitrary units.
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The gold sols prepared in our preparations of Au*" with
isoascorbic acid have a red wine color and a well-defined
absorbance peak at approximately 523 nm [24]. The stabil-
ity of these electrostatically stabilized sols is highly depen-
dent on the ionic strength of the system. Because very small
additions of salts might cause coagulation of the AuNPs,
we first studied the effect of the Tris buffer solution (pH
7.1) in which the proteins were prepared on the UV-Vis
spectrum. The spectrum presents a well-defined peak at
approximately 523 nm and a small wide shoulder starting
at approximately 650 nm (Fig. 2A). The small peaks at
approximately 226 and 320 nm are attributed to the square
planar AuCl, complex ion. This spectrum was used as a
control in the absence of proteins.

In the presence of proteins, gold colloidal particles form
aggregates. On protein binding, the absorbance usually
shifts to higher wavelength as the aggregation proceeds
[24,25]. In our experiment, in the presence of GGR-WT,
there was an increase in the gold peak at 523 nm, concom-
itant with the appearance of a new peak at 280 nm corre-
sponding to the protein (Fig. 2A). No color change in the
gold sols was observed. Thus, the wild-type protein does
not bind to the gold particles.

In the presence of GGR-Cys, the color of the gold sol
turned from red to blue, suggesting aggregation of the
AuNPs due to the immobilized protein on their surface.
The UV-Vis spectrum of the gold sols containing 1 uM
GGR-Cys shows very distinct characteristics, with the
peak corresponding to the AuNPs at 523 nm shifting to
600 nm and the new peak being significantly broader
(Fig. 2A). In addition, there was no noticeable peak at
280 nm, suggesting that all of the protein in solution is
attached to the AuNPs. The protein coating of the gold
particles induces aggregation between the AuNPs, thereby
producing changes in the plasmon absorption band associ-
ated with the color change.

The GGR-WT and GGR-Cys have distinctly different
effects on the AuNPs that are more evident after 24 h of
incubation of AuNPs and protein. After this time, the color
of the solution and the characteristics of the UV-Vis spec-
trum of the GGR-WT did not change significantly. In con-
trast, the mixture of GGR-Cys and the AuNPs formed
visible bluish aggregates that precipitated, leaving the
supernatant nearly colorless. The UV-Vis spectrum in
Fig. 2B illustrates this phenomenon. After centrifugation
and separation, no protein was present in the supernatant
in the case of GGR-Cys, suggesting that all of the protein
was attached on the nanoparticles that formed large aggre-
gates. Our spectrophotometric measurement showed that
the total amount GGR-WT was retrieved in the superna-
tant, proving that the wild-type protein without the genet-
ically engineered cysteine did not bind to the AuNPs under
our experimental conditions.

{-Potential and TEM analysis
HR-TEM and {-potential analysis was used to charac-
terize the surface properties, morphology, and size distribu-

tion of the AuNPs with and without immobilized protein.
The surface modification can affect the surface charge of
nanoparticles; this determines the dispersion and/or aggre-
gation of colloidal solution at a given pH value. The bare
AuNPs used in this work were negatively charged, with
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Fig. 3. PSD of AuNPs in the absence (A) and presence of GGR-WT (B)
and GGR-Cys (C).
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AuivPs MNP+ GGRWT
?4

AulNPs + GGR-Cys ‘

P

Fig. 4. TEM of AuNPs in the absence and presence of GGR-WT and GGR-Cys (scale = 50 nm). Different magnifications are shown for GGR-Cys (50
and 5 nm).

Table 1
Spectroscopic and morphological characteristics of AuNPs and AuNPs in the presence of GGR-WT and GGR-Cys
(-Potential (mV) Average size (nm) UV-Vis peaks (nm) Color/aggregation
AuNPs (Tris buffer) —43.54+4.1 42.5 523, 226, 320, and 650 (wide shoulder) Red wine/Monodispersed particles
AuNPs + GGR-WT —-19.34+2.0 59.4 523 and 280 Red wine/Monodispersed particles
AuNPs + GGR-Cys —4.24+6.6 139.6 600 (wide peak) Blue/visible aggregates
-y

HAUC,
——
200 mV for 60s

GGR-Cys

Fig. 5. Fabrication steps of the GCE-AuNP glucose sensor illustrating the binding of the protein via the cysteine residue on the GGR-Cys receptor and
the subsequent glucose binding.
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an average (-potential value of —29.1 £4.1 mV. In the
presence of GGR-WT, the (-potential value was
—19.3 4+ 2.0 mV, suggesting a partial modification with
the AuNPs. When the GGR-Cys was added, the particles
were nearly neutral in charge (with a {-potential value of
—4.25 4+ 6.6 mV, indicating nearly complete coverage of
the particles by a protein coating. The PSD of AuNPs in
Tris buffer determined using the dynamic light scattering
analyzer (Fig. 3A) indicates an average size of 42.5 nm.
For the GGR-WT, the PSD shows an average diameter
of 59.4 nm, whereas for the GGR-Cys, the average size
of the aggregates formed was 139.6 nm.

These findings were also supported by the HR-TEM
analysis. Fig. 4A shows the HR-TEM image of the bare

A S00E-05 1
G00E-05 4
400E-05

200E-05 A

o

G-E0E+20

AuNPs obtained by chemical precipitation of Au** with
isoascorbic acid used for protein immobilization. As can
be seen in the figure, the nanoparticles are quite uniform
and monodispersed. The same behavior was observed
when the GGR-WT protein was added to the solution.
When GGR-Cys was used, the particles formed large
aggregates (Fig. 3C). Analysis of a single AuNP +
GGR-Cys at a lower magnification shows the presence of
a thin layer on the surface of the particle. We speculate that
this layer could be attributed to the protein, which is 35 A
wide and 65 A long. The characteristics ({-potential, aver-
age particle size, UV-Vis peaks, and color) of the three
configurations tested (AuNPs, AuNPs + GGR-WT, and
AuNPs + GGR-Cys) are summarized in Table 1.

— GCBA
—— GCE AU + GGR-C
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Fig. 6. (A) Cyclic voltammograms of GCE-AuNP electrode before and after modification with GGR-WT and GGR-Cys in 10 mM K3Fe(CN)g as redox
probe. (B) Cyclic voltammograms of a conventional gold electrode before and after modification with GGR-Cys. Scanning range: 0 to 0.6 V versus Ag/

AgCl reference electrode at 50 mV/s.
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Fabrication of electrochemical biosensor for detection of
glucose

The binding between the AuNPs and the two glucose
receptor proteins was further investigated using CV after
deposition of AuNPs on the surface of a working GCE.
The recombinant proteins used in this work are engineered
and act as an uptake system for a target ligand that in this
case is glucose. The receptor binds p-glucose with a Ky of
0.1 uM. The binding of p-glucose produces a ligand-
induced conformational change in the protein that is well
characterized and has been used in a number of studies
[15,17-19,23,26]. This specific binding, combined with the
use of AuNPs for protein immobilization on an electrode
surface, was employed in the current work in the construc-
tion of an electrochemical biosensor for the detection of
glucose. A schematic of this experiment is illustrated in
Fig. 5.

Biosensor fabrication

In our study, the AuNPs were electrodeposited on the
GCE from a solution of HAuCly according to a published
literature procedure [28,29]. This resulted in a deposition of
a smooth layer of aggregates of AuNPs that was confirmed
by the change in the color of the working GCE surface
from gray to yellow. The gold particles in the aggregate
have an average size of approximately 50 nm, and this
was also confirmed in our experiments by SEM (results
not shown). This is in agreement with published literature
data [28,29]. The modified GCE-AuNP electrode was fur-
ther characterized by CV using Fe''(CN); /Fe" (CN);~ as
a model redox probe. Compared with the bare GCE, the
peak potential separation AE, was reduced from 93 to 70

B.00E-05 -
4.00E-05 +
2.00E-0% -
0.00E+00

-2.00E-05 +

Current (A)

-4.00E-05 { /4

-B.00E-05

-8.00E-05 T T

mV for the GCE-AuNPs. Concurrently, a current amplifi-
cation of both anodic and cathodic peaks was observed,
suggesting that the presence of gold promoted the electron
transfer at the surface of the electrode (results not shown).

We used this system first to investigate whether the bind-
ing of the protein on the GCE-AuNP surface follows the
same trend as in the case of colloidal particles and then to
check the stability of the binding for both the wild-type
and Cys modified protein. For this purpose, the protein
(GGR-WT or GGR-Cys) was immobilized on the GCE-
AuNP surface. Immobilization was carried out by incubat-
ing the gold modified electrode for 1 h in a solution contain-
ing protein at a concentration of 7 uM. The electrode was
washed several times to remove the excess of weakly bound
proteins. CV using the FeH(CN);F / FeIH(CN)zf model
reversible electrochemical reaction was then employed to
characterize the electron transfer properties on the surface
of the electrode before and after protein binding. It is
expected that the GGR-Cys will attach to the gold surface
through its Cys residue. This will partially insulate the elec-
trochemically active surface, hampering the electron trans-
fer of the redox probe. Fig. 6 represents the cyclic
voltammogram obtained from the GCE-AuNP electrode
with GGR-WT or GGR-Cys and without protein. The cyc-
lic voltammogram recorded after exposure to GGR-WT is
nearly identical to that corresponding with the bare GCE-
AuNP electrode. This implies that there is little or no change
on the surface of the AuNPs, suggesting that the WT protein
does not bind to the electrode surface. In contrast, the expo-
sure of GGR-Cys to the AuNPs induced a significant
decrease in the oxidation and reduction peaks in the CV
spectrum, clearly indicating the deposition of a protein layer
that partially insulates the electrode surface. To confirm the
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Fig. 7. Cyclic voltammograms of GCE-AuNP electrode modified with GGR-Clys after 5 min incubation with different glucose concentrations: 0 pM (a),
0.1 uM (b), 0.25 uM (c), 0.5 uM (d), and 1 uM (e). Cyclic voltammograms were recorded in 10 mM K;Fe(CN)g as redox probe. Scanning range: 0 to 0.6 V
versus Ag/AgCl reference electrode at 50 mV/s. Inset: Biosensor calibration curve for glucose. The error bars represent the standard deviation of triplicate

measurements obtained with different electrodes.
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Fig. 8. Binding studies of the GCE-Au-GGR-Cys biosensor for valine (A), leucine (B), and fructose (C) in 10 mM K;Fe(CN)g as redox probe. Scanning
range: 0 to 0.6 V versus Ag/AgCl reference electrode at 50 mV/s.
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role of the AuNPs, for comparison purposes, we performed
similar studies with a conventional gold electrode. In the
same experimental conditions, the electrochemical response
of the gold electrode was significantly reduced (1.25 x 107°
A) as compared with that of the GCE-AuNPs (7.8 x 107°
A). After incubation in a solution of GGR-Cys, the protein
binds to the Au electrode, but the decrease in the signal was
very small (Fig. 6B).

Detection of glucose

The GCE-AuNPs with GGR-Cys immobilized on the
surface were used as a biosensor for the detection of glu-
cose. This system is based on the specificity of the glucose
receptor and the ligand-induced conformational change
that occurs after glucose binds to the protein. Studies
showed that when a ligand binds to a periplasmic binding
protein, such as the GGR used in the current work, the
protein undergoes a structural change [14]. In previous
studies, this effect was studied extensively and confirmed
by atomic force microscopy [22], quartz crystal microbal-
ance [15-17,20], and electrochemical impedance spectros-
copy [18,21]. It was demonstrated that the flexible ligand-
free protein undergoes a conformational change to a more
rigid structure after ligand binding [20]. In the current
work, after immersion of the GGR—Cys modified electrode
in a solution containing glucose, the cyclic voltammogram
shows that the oxido/reduction current decreases concur-
rently with a shift toward more positive potentials shown
in Fig. 7. This is a result of the glucose binding, associated
with the closing structure of the protein around its binding
pocket, hindering the electron transfer of the redox probe
on the active surface of the electrode. These observations
are in agreement with previous impedance spectroscopy
studies that showed an increase in the electron transfer
resistance after glucose binding [18,22]. Fig. 7 shows the
cyclic voltammogram of the GCE-AuNP electrode modi-
fied with GGR-Cys before and after 5 min incubation with
different concentrations of glucose ranging from 0.1 to 1
uM. The decrease in the current was proportional with
the glucose concentration. No further decrease in the signal
was obtained at concentrations higher than 1 pM. Increas-
ing the incubation time (e.g., 1 h, 12 h) does not result in a
lower detection limit, showing that glucose binding is a
nearly immediate effect. The detection limit of the sensor
was 0.18 puM, calculated based on the standard deviation
and the slope, using the 3¢/S formula, where ¢ is the stan-
dard deviation of the responses of three blank samples
obtained with different electrodes and S is the slope of
the calibration curve.

Although in other previous studies we have shown that
glucose does not bind to flat gold surfaces [15,17], we did
control experiments to check for the possible binding of
glucose to the AuNPs. Results showed that incubation of
the bare GCE-AuNP electrode in a glucose solution has
no effect on the electrochemical current, indicating that
binding of the glucose with the immobilized GGR protein

on the AuNPs is responsible for the observed decrease of
the redox peaks.

When the GCE-AuNP-GGR-Cys electrode was incu-
bated with three other compounds that do not bind
GGR (B-p-fructose, L-valine, and L-leucine), no decrease
in the electrochemical signal was observed (Fig. 8). These
results show that the proposed biosensor specifically binds
its target sugar and shows no response to compounds that
are not natural ligands.

Conclusions

We have studied the surface chemistry and interactions
of AuNPs with a wild-type and a genetically engineered
thiol-containing glucose receptor protein, and we used this
system to construct an electrochemical system for selective
detection of glucose. The interaction of proteins with AuN-
Ps and the surface chemistry was studied with UV-Vis
spectroscopy, TEM, (-potential, and PSD analysis, and
the results were confirmed with CV. The gold colloids form
large aggregates in the presence of the thiol-containing pro-
tein. This is due to the strong binding between the gold and
the SH of the cysteine group that was genetically engi-
neered in the protein sequence. Under the same experimen-
tal conditions (pH, temperature, and buffer solution) but
using the WT protein, gold colloids do not aggregate in
the same manner. These experiments suggest that the sur-
face-exposed cysteine is key to the binding of the protein
to the AuNPs. The electrochemical GGR-based biosensor
developed in this work is suitable for selective determina-
tion of glucose in the micromolar concentration range,
with a detection limit of 0.25 pM. The AuNP reagentless
glucose biosensor described here provides a unique addi-
tion to the currently available methods to detect glucose.
As compared with classical solid gold electrodes, the use
of AuNP modified GCE offers several advantages such as
a large surface area that provides multiple binding points
for proteins (thereby facilitating loading of more protein
molecules), high conductivity, and increased sensitivity.
The application of this strategy of combined genetic engi-
neering, AuNPs, and electrochemistry serves as a useful
tool for the study of receptor-ligand interactions.
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